AFRL-RX-WP-JA-2014-0171 


HIERARCHICAL  CARBON  FIBERS  WITH  ZnO 
NANOWIRES  FOR  VOLATILE  SENSING  IN 
COMPOSITE  CURING  (POSTPRINT) 


Gregory  J.  Ehlert 
AFRL/RXCCM 


JULY  2014 
Interim  Report 


Distribution  A.  Approved  for  public  release;  distribution  unlimited. 

See  additional  restrictions  described  on  inside  pages 


STINFO  COPY 


AIR  FORCE  RESEARCH  LABORATORY 
MATERIALS  AND  MANUFACTURING  DIRECTORATE 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OH  45433-7750 
AIR  FORCE  MATERIEL  COMMAND 
UNITED  STATES  AIR  FORCE 


NOTICE  AND  SIGNATURE  PAGE 


Using  Government  drawings,  specifications,  or  other  data  included  in  this  document  for  any 
purpose  other  than  Government  procurement  does  not  in  any  way  obligate  the  U.S.  Government. 
The  fact  that  the  Government  formulated  or  supplied  the  drawings,  specifications,  or  other  data 
does  not  license  the  holder  or  any  other  person  or  corporation;  or  convey  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  invention  that  may  relate  to  them. 

This  report  was  cleared  for  public  release  by  the  USAF  88th  Air  Base  Wing  (88  ABW)  Public 
Affairs  Office  (PAO)  and  is  available  to  the  general  public,  including  foreign  nationals. 

Copies  may  be  obtained  from  the  Defense  Technical  Information  Center  (DTIC) 
(http://www.dtic.mil). 

AFRL-RX-WP-JA-2014-0171  HAS  BEEN  REVIEWED  AND  IS  APPROVED  EOR 
PUBEICATION  IN  ACCORDANCE  WITH  ASSIGNED  DISTRIBUTION  STATEMENT. 


//Signature// 


//Signature// 


GREGORY  J.  EHEERT 
Composites  Branch 
Structural  Materials  Division 


MICHAEE  J.  KINSEEEA,  Chief 
Composites  Branch 
Structural  Materials  Division 


_ //Signature// _ 

TIMOTHY  J.  SCHUMACHER,  Chief 
Structural  Materials  Division 
Materials  and  Manufacturing  Directorate 


This  report  is  published  in  the  interest  of  scientific  and  technical  information  exchange,  and  its 
publication  does  not  constitute  the  Government’s  approval  or  disapproval  of  its  ideas  or  findings. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  074-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden  to  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1 21 5  Jefferson  Davis  Highway,  Suite  1 204,  Arlington,  VA 
22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  dows  not 
display  a  currently  valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE  3.  DATES  COVERED  (From  -  To) 

July  20 1 4  Interim  1 6  April  2012-02  June  20 1 4 


4.  TITLE  AND  SUBTITLE 

HIERARCHICAL  CARBON  FIBERS  WITH  ZnO  NANOWIRES  FOR 
VOLATILE  SENSING  IN  COMPOSITE  CURING  (POSTPRINT) 


5a.  CONTRACT  NUMBER 

FA8650-10-D-501 1-0008 


5b.  GRANT  NUMBER 


6.  AUTHOR(S) 

(see  back) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

(see  back) 


5c.  PROGRAM  ELEMENT  NUMBER 

62102F 


5d.  PROJECT  NUMBER 

4347 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 

XOPE 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


AFRL/RXCCM 


11.  SPONSOR/MONITOR’S  REPORT  NUMBER(S) 

AFRL-RX- WP- J  A-20 14-0171 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory 
Materials  and  Manufacturing  Directorate 
Wright  Patterson  Air  Force  Base,  OH  45433-7750 
Air  Force  Materiel  Command 
United  States  Air  Force 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Distribution  A.  Approved  for  public  release;  distribution  unlimited.  This  report  contains  color. 


13.  SUPPLEMENTARY  NOTES 

PA  Case  Number:  88ABW-2014-1973;  Clearance  Date:  28  April  2014.  Journal  article  published  in  SAMPE  Seattle 
2014.  The  U.S.  Government  is  joint  author  of  the  work  and  has  the  right  to  use,  modify,  reproduce,  release,  perform, 
display  or  disclose  the  work.  The  final  publication  is  available  at  SAMPE  Seattle  2014. 


14.  ABSTRACT 

Volatile  management  is  critical  to  quality  and  consistent  processing  of  polyimide  composites.  It  remains  difficult  to 
measure  and  quantify  volatiles  evolved  during  curing,  hampered  by  a  dearth  of  small  sensors  and  poor  high 
temperature  performance.  Embedded  sensors  should  be  minimally  parasitic  and  embedded  within  the  composite  in 
order  to  use  for  feedback  during  processing.  For  this  work,  we  report  on  the  foundational  study  needed  to  demonstrate 
the  use  of  Zinc  Oxide  (ZnO)  nanowire  coated  carbon  fibers  as  a  volatile  sensor.  ZnO  nanowires  are  demonstrated  to 
function  as  an  ethanol  sensor  within  a  controlled  environment.  Growth  of  ZnO  nanowires  is  shown,  as  well  as  the 
appropriate  circuit  to  measure  resistance.  Results  indicate  that  ZnO  is  a  promising  candidate  and  that  relevant  volatile 
concentrations  can  be  measured. 


15.  SUBJECT  TERMS 

composites,  high  temperature 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON  (Monitor) 
Gregory  J.  Ehlert 

a.  REPORT 

Unclassified 

b.  ABSTRACT 

Unclassified 

c.  THIS  PAGE 

Unclassified 

SAR 

15 

19b.  TELEPHONE  NUBER  (include  area  code) 

(937)  255-9004 

Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  Z39-18 


REPORT  DOCUMENTATION  PAGE  Cont’d 

6.  AUTHOR(S) 

G.  Ehlert  -  Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory,  Structural  Materials  Division 
D.  Savastano,  Z.  Bai,  and  G.  P.  Tandon  -  University  of  Dayton  Research  Institute 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

AFRL/RXCCM 

Air  Force  Research  Laboratory 

Materials  and  Manufacturing  Directorate 

Wright-Patterson  Air  Force  Base,  OH  45433-7750 

University  of  Dayton  Research  Institute 
300  College  Park  Drive 
Dayton,  OH  45469-0101 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39-18 


HIERARCHICAL  CARBON  FIBERS  WITH  ZnO  NANOWIRES 
FOR  VOLATILE  SENSING  IN  COMPOSITE  CURING 

G.  Ehlert^  D.  Savastano'’^,  Z.  Bai^’^and  G.  P.  Tandon'’^ 

^  Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory,  WPAFB,  OH 
Flniversity  of  Dayton  Research  Institute,  Dayton,  OH 

ABSTRACT 

Volatile  management  is  critical  to  quality  and  consistent  processing  of  polyimide  composites.  It 
remains  difficult  to  measure  and  quantify  volatiles  evolved  during  curing,  hampered  by  a  dearth 
of  small  sensors  and  poor  high  temperature  performance.  Embedded  sensors  should  be 
minimally  parasitic  and  embedded  within  the  composite  in  order  to  use  for  feedback  during 
processing.  For  this  work,  we  report  on  the  foundational  study  needed  to  demonstrate  the  use  of 
Zinc  Oxide  (ZnO)  nanowire  coated  carbon  fibers  as  a  volatile  sensor.  ZnO  nanowires  are 
demonstrated  to  function  as  an  ethanol  sensor  within  a  controlled  environment.  Growth  of  ZnO 
nanowires  is  shown,  as  well  as  the  appropriate  circuit  to  measure  resistance.  Results  indicate 
that  ZnO  is  a  promising  candidate  and  that  relevant  volatile  concentrations  can  be  measured. 

1.  INTRODUCTION 

High  temperature  polymer  resins  continue  to  expand  the  operating  space  of  continuous  fiber 
reinforced  composites.  In  particular,  polyimide  matrices  offer  high  temperature  performance 
with  low  density.  Aerospace  systems,  principally  those  associated  with  turbine  engines  for 
propulsion,  often  require  high  operating  temperatures  sustained  for  the  life  of  the  system.  Many 
components  and  systems  are  limited  by  material  use  temperature  and  composites  in  particular  are 
often  scoped  with  hot-wet  performance  in  mind.  Designers  sometimes  must  replace  a  composite 
component  with  a  metallic  one  on  account  of  temperature  limitations,  increasing  density  from 
approximately  1.8  g/cc  to  upwards  of  4.4  g/cc  for  a  titanium  replacement. 

While  polyimides  are  commercially  available  in  large  quantities  and  polyimide  composites  have 
been  used  for  a  number  of  years  in  aerospace  systems,  they  are  often  excluded  early  in  program 
development  from  design  spaces  on  account  of  low  maturity  and  high  developmental  risk,  both 
to  cost  and  schedule.  More  often  than  not,  this  is  not  due  to  a  lack  of  test  data  or  raw  materials; 
but  rather  the  high  scrap  rate  and  high  cost  of  manufacturing.  Polyimides  are  notorious  for  poor 
scaling,  meaning  that  laboratory  optimized  curing  conditions  produce  poor  components  on  the 
factory  floor.  This  forces  many  full  scale  manufacturing  demonstration  articles  to  be  necessary, 
at  great  expense.  Furthermore,  the  polyimide  cure  cycle  is  long  (often  24-48  hours)  and  requires 
several  precisely  time  steps  to  ensure  volatile  evacuation.  Many  problems  in  polyimide 
manufacture  can  be  directly  traced  to  volatile  management.  A  more  reliable  method  to  sense 
volatile  concentration  would  improve  polyimide  curing  and  reduce  the  engineering  hours 
required  to  optimize  manufacturing  processes. 


1 

Distribution  A.  Approved  for  public  release;  distribution  unlimited. 


In  this  work,  we  begin  to  investigate  and  develop  a  novel  sensor  for  use  as  an  embedded  volatile 
sensor.  The  embedded  sensor  will  allow  manufaeturing  and  eomposites  engineers  to  know  when 
volatile  formation  is  complete.  One  of  the  problems  with  many  polyimide  chemistries  is  that  the 
temperature  required  to  remove  volatiles  from  the  polymer  overlaps  with  the  temperature 
window  that  triggers  the  crosslinking  reaction,  as  shown  in  the  notional  cure  cycle  in  Figure  1. 
As  higher  temperatures  are  pursued  to  remove  more  volatiles  and  increase  diffusion  rates, 
crosslinking  gradually  begins  to  gel  the  resin  and  makes  consolidation  of  voids  impossible.  We 
have  laid  the  foundation  to  develop  a  sensor  that  will  allow  an  operator  or  engineer  to  peer  inside 
the  composite  and  raise  the  temperature  high  enough  to  remove  volatiles.  The  operator  will  then 
apply  pressure  when  necessary  for  full  consolidation,  without  simply  guessing  when  volatiles  are 
completely  removed.  Just  as  overheating  a  composite  to  guarantee  volatile  removal  can  trap 
voids  and  prevent  consolidation;  conservative  heating  and  trapping  of  volatiles  can  also  be 
problematic.  Trapped  volatiles  are  often  only  trapped  under  the  pressure  of  the  autoclave.  After 
pressure  is  removed,  these  volatiles  can  expand  and  cause  internal  cracking  and  delaminations. 
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Figure  1.  Representative  polyimide  cure  cycle  with  overlaid  regimes.  The  overlap  volatile 
byproduct  drying  with  crosslinking  forces  pressure  application  to  be  precisely  timed  to  produce 
high  quality  laminates.  This  problem  is  exacerbated  as  thickness  increases  since  diffusion  time 
increases  as  well. 


We  have  completed  the  fundamental  studies  required  to  develop  a  sensor  that  will  consist  of  a 
structural  carbon  fiber  that  is  coated  with  an  array  of  ZnO  nanowires.  Zinc  oxide  nanowires 
become  more  conductive  in  the  presence  of  ethanol  -  as  analyte  sorbs  to  the  surface,  electron 
density  increases,  dropping  the  resistivity  by  two  orders  of  magnitude  [1-5].  This  resistance 
change  can  be  observed  in  the  I-V  behavior,  with  a  circuit  wired  up  through  the  ZnO  nanowires 
directly  [6-10].  In  order  to  demonstrate  the  proof  of  concept,  we  will  show  the  sensitivity  of 
ZnO  nanowires  to  ethanol  environments  at  various  temperatures.  Ethanol  is  a  common  volatile 
evolved  and  serves  as  a  test  case  for  this  system,  though  we  ultimately  will  include  methanol  and 
cyclopentadiene.  Our  experiments  require  an  oven  with  the  capability  to  control  exposure  of  the 
ZnO  nanowires  to  various  organic  molecules.  Later,  we  will  demonstrate  the  growth  of  ZnO 
nanowires  and  architecture  relevant  to  this  concept.  Finally,  we  will  conclude  with  an  outlook 
for  this  architecture  and  upcoming  work. 
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2.  EXPERIMENTAL  METHODS 

2.1  ZnO  Nanowire  Synthesis 

The  seeding  and  growth  of  ZnO  nanowire  proeedures  are  at  a  high  risk  for  eontamination  and 
will  prove  unsueeessful  if  eontaminates  are  present  within  the  solution  even  in  small  quantities. 
Therefore,  Tin  doped  Indium  Oxide  (ITO)  eoated  glass  slides  and  all  other  utensils  were 
subjeeted  to  a  thorough  eleaning  proeedure.  The  materials  were  rinsed  with  Ultra-Pure  Water 
(UPW),  Aeetone,  and  then  Ethanol  (EtOH).  The  order  of  these  three  rinsing  agents  was  found  to 
be  important  to  ensure  a  sueeessful  seeding  and  growth  attempt.  The  seeding  solution  was  a 
0.0125  M  solution  of  Zine  Aeetate  dihydride  (ZnAe2’H20)  in  EtOH.  Preparation  of  the  seeding 
solution  started  with  making  a  0.02M  solution  of  Sodium  Hydroxide  (NaOH).  Approximately 
75mL  of  the  0.02M  NaOH  solution  were  added  to  a  lOOmL  volumetrie  flask.  Enough 
ZnAo2’H20  was  added  to  make  lOOmL  of  a  0.0125M  solution.  Eor  the  solution  used  in  this 
experiment  0.274g  of  ZnAe2-H20  was  the  proper  stoiehiometrie  amount.  The  flask  was  manually 
agitated  until  the  zine  eompound  was  fully  dissolved  within  the  EtOH,  resulting  in  an  optieally 
transparent  and  eolorless  solution.  The  volumetrie  flask  was  then  eapped  and  mixed  using  a 
vortex  mixer  for  2  min.  Onee  a  uniform  solution  was  aehieved  the  remainder  of  the  0.02M 
NaOH  solution  was  added  to  the  volumetrie  flask  filling  to  the  lOOmL  fidueiary  mark. 

The  seeding  solution  was  then  pipetted  onto  the  eonduetive  side  of  the  ITO  eoated  glass  slides. 
After  10  seeonds  elapsed,  the  slides  were  rinsed  with  EtOH.  Eollowing  the  EtOH  rinsing,  slides 
were  blown  dry  via  Nitrogen  (N2)  air  hose.  This  proeess  was  replieated  4  times,  resulting  in  5 
applieations  of  seeds  on  eaeh  slide.  The  seeded  slides  were  plaeed  in  an  oven  for  20  minutes  at 
350°C.  After  eooling,  slides  were  plaeed  in  plastie  sample  bags  for  safekeeping. 

A  thorough  eleaning  proeedure  was  again  employed  prior  to  the  ZnO  nanowire  growth  reaetion, 
all  materials  were  rinsed  with  Aeetone,  EtOH,  and  then  UPW.  To  produee  the  growth  solution, 
1.49g  of  Zine  Nitrate  Hexadydrate  (Zn(N03)2*6H20)  and  0.70g  of  Hexamethylenetetramine 
(C6H12N4)  were  added  to  the  Erlenmeyer  flask.  A  measured  quantity  of  200mL  of  UPW  was 
added.  The  solution  was  manually  agitated  by  way  of  swirling  until  the  solutes  were  fully 
dissolved  resulting  in  an  optieally  transparent  solution. 

A  silieone  oil  heating  bath  was  heated  to  the  growth  solution  temperature  of  90°C.  A  mereury 
thermometer  was  plaeed  into  the  Erlenmeyer  flask  to  monitor  the  growth  solution  temperature. 
Onee  the  growth  solution  temperature  reaehed  90°C,  the  slide  was  plaeed  into  the  Erlenmeyer 
flask.  The  slide  was  plaeed  at  an  approximate  45°  angle  leaning  against  the  side  of  the 
Erlenmeyer  flask  with  the  seeded  side  faeing  downwards.  This  ensured  nanowire  growth  was 
minimally  disturbed  by  the  settling  of  other  preeipitates  formed  within  the  growth  solution.  After 
5  hours,  the  slides  were  earefully  removed  and  rinsed  with  EtOH.  Post  rinsing,  the  slides  were 
plaeed  in  an  oven  at  120°C  for  approximately  30  minutes. 

2.2  ZnO  Nanowire  Analysis 

The  ZnO  nanowires  were  first  analyzed  in  a  PEI  Quanta  seanning  eleetron  mieroseope  (SEM)  at 
5  kV.  The  high  resolution  SEM  analysis  was  performed  with  a  PEI  Sirion  SEM  at  5  kV.  SEM 
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analysis  was  performed  at  the  same  magnification  between  various  samples  to  provide  consistent 
measurements  of  the  ZnO  nanowires. 

2,3  ZnO  Nanowire  ITO  Glass  Slide  Sensor  Fabrication  and  Testing 

After  ZnO  nanowires  were  grown  on  ITO  coated  glass  microscope  slides,  the  underlying  ITO 
electrode  was  connected  to  the  bottom  of  the  ZnO,  while  the  top  electrode  was  sputtered  Au/Pd 
deposited  through  a  benchtop  DC  sputtering  system.  This  allowed  the  precise  patterning  of  the 
electrodes  to  cover  a  specific  surface  area  and  location  along  the  material  with  a  thin  line  of  sight 
film.  The  film  was  then  connected  to  a  circuit  with  a  silver  epoxy  ink  through  a  tooth  pick 
dipping.  Each  ZnO-nanowire  on  ITO  Glass  side  sensor  assembly  was  placed  on  a  glass  slide 
sample  stage  patterned  with  two  voltage  electrodes  connected  on  both  sides  of  ITO  slide  and 
two  current  electrodes  with  a  2.54  cm  gap.  A  electrical  voltage  was  supplied  between  the 
electrodes  using  a  Keithley  2410  precision  SourceMeter,  while  the  current  change  across  the 
fiber  was  measured  using  a  LabView  data  acquisition  system  that  interfaced  directly  with  the 
SourceMeter  control  software.  The  resistance  of  the  ZnO  nanowires  was  measured  along  the 
length  of  the  nanowire  in  this  configuration  (see  Figure  2),  with  organic  molecules  adsorbing  to 
the  sides  of  the  nanowires.  This  allowed  maximum  surface  area  (nanowire  array  compared  to 
porous  solid)  for  adsorption.  Typical  morphology  of  the  nano  wires  is  shown  in  Figure  2. 


Figure  2.  Schematic  of  electrode  configuration  and  nanowire  placement.  Scanning  electron 
microscope  images  show  dense,  naturally  aligned  ZnO  nanowires  of  uniform  size,  consistent 
with  previous  reports. 
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2,4  ZnO  Nanowire  on  Carbon  Fiber  Sensor  Fabrication  and  Testing 

Additionally,  we  have  grown  ZnO  nanowires  on  earbon  fiber  utilizing  the  same  chemieal 
method,  as  previously  described  in  Section  2.1.  In  order  to  ensure  even  coating  and  successful 
nanowire  growth,  the  reaction  must  be  carried  out  on  either  single  carbon  fibers  or  small  tow 
containing  relatively  few  carbon  fibers.  Carbon  fiber  sensors  were  constructed  by  first  cutting  the 
carbon  fibers  (2.54  cm  long)  and  growing  ZnO  nanowires  on  them.  The  coated  fibers  were  then 
dipped  with  Silver  Epoxy  on  each  side  to  form  electrodes  for  contact  with  the  testing  circuit. 
Each  ZnO-nanowire  on  carbon  fiber  sensor  assembly  was  placed  on  a  glass  slide  sample  stage 
patterned  with  electrodes  with  a  2.54  cm  gap.  A  electrical  voltage  was  supplied  between  the 
electrodes  using  a  Keithley  2410  precision  SourceMeter,  while  the  current  change  across  the 
fiber  was  measured  using  a  EabView  data  acquisition  system  that  interfaced  directly  with  the 
SourceMeter  control  software. 


3.  RESULTS 

3.1  The  Growth  of  ZnO  Nanowire 

The  growth  of  ZnO  nanowires  on  ITO  coated  glass  has  been  extensively  reported  elsewhere  and 
our  results  are  fairly  consistent  with  previous  reports  [11-15].  Nanowires  are  approximately  100 
nm  in  diameter  and  1  micron  long,  which  equates  to  a  typical  aspect  ratio  of  10.  The  nanowires 
were  deposited  through  a  solution  based  two  step  growth  method.  The  first  step  is  seeding  the 
growth,  then  placing  the  sample  into  the  growth  solution.  ZnO  gradually  precipitates  out  of 
solution  onto  the  seeds,  which  then  grow  competitively  into  nanowires.  The  ZnO  crystals  are 
wurtzite  in  structure  with  polar  and  non-polar  faces.  The  polar  faces  pull  ions  out  of  solution 
faster  with  a  lower  energy  barrier,  leading  to  higher  growth  rates  on  these  faces  than  alternative 
non-polar  surfaces.  The  ZnO  nanowires  thus  grow  in  a  constant  aspect  ratio  unless  surfactants  or 
adsorbents  are  used  to  reduce  the  ability  of  ions  to  add  to  the  crystal  faces.  In  this  growth,  we 
did  not  utilize  surfactants  to  increase  the  aspect  ratio  but  are  investigating  this  for  future 
experiments. 

3.2  Environmental  Exposure  and  Verification 

A  temperature  controlled  environment  has  been  designed  and  fabricated  to  control  ethanol  vapor 
concentration  and  test  sensors  at  elevated  temperature.  A  Yamato  ADP-31  vacuum  oven  was 
outfitted  with  ports  for  gas  flow  and  control  wires  for  sending  and  receiving  the  sensing  signal. 
Ethanol  vapor  concentration  was  controlled  with  a  vapor  mass  control  scheme  where  nitrogen 
gas  was  bubbled  through  100%  ethanol  solution,  and  mixed  with  a  metered  stream  of  nitrogen. 
The  two  mass  flow  controllers  (Omega  EVE  series)  are  shown  in  Figure  3,  along  with  the 
ethanol  bubbler.  As  nitrogen  was  bubbled  through  the  ethanol  solution,  we  assume  the  vapor 
became  saturated  with  vapor  pressure  (or  moles)  of  ethanol  so  the  flow  control  system  was  used 
to  dilute  the  pure  ethanol  stream  with  nitrogen  flow.  Figure  3  shows  the  vacuum  oven 
modification  set-up  for  this  sensor  testing  experiment.  A  pressure  transducer  was  installed  in-line 
with  the  ethanol  vapor  line  before  it  mixes  with  the  nitrogen  line.  This  line  gives  absolute 
pressure  over  the  ethanol  bath,  and  allows  calculation  of  the  molar  concentration  of  ethanol 
stream  before  mixing. 
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Figure  3.  A)  Schematic  of  environmentally  eontrolled  oven  that  shows  nitrogen  line  splitting. 
One  nitrogen  line  bubbles  through  pure  ethanol  while  another  bypasses  and  serves  to  dilute  the 
incoming  vapor.  The  two  streams  mix  to  provide  a  controlled  concentration  of  ethanol  vapors. 
After  the  vapors  eireulate  through  the  elosed  chamber  inside  the  oven,  the  ethanol  concentration 
flowing  out  is  measured  with  an  ethanol  sensor  to  verily  system  performance.  B)  Optical 
photographs  of  the  setup  with  the  oven  open  and  closed. 

3,3  Initial  Ethanol  Detection  of  ZnO  Nanowire  on  Carbon  Fibers 

An  initial  study  has  been  performed  to  observe  the  resistance  changes  of  ZnO  nanowire  coated 
carbon  fiber  by  using  the  experiment  set  up  shown  in  Figure  3.  Two  test  conditions  were  used; 
Nitrogen  only  and  99%  Nitrogen  with  1%  ethanol.  The  sample,  straight  carbon  fiber  coated  with 
ZnO  nanowire,  was  loaded  into  the  chamber,  and  the  resistanee  measured  at  room  temperature. 
The  test  results  are  shown  in  Figure  4.  It  is  seen  that  the  eurrent-voltage  (I-V)  curves  of  the 
ZnO  nanowires  on  carbon  fiber  sensor  under  nitrogen  and  1%  ethanol-nitrogen  mixed  gas  at 
room  temperature  are  both  approximately  linear.  The  eleetrical  resistance  (1.728  x  lO^Q)  when 
exposed  to  1%  ethanol-nitrogen  gas  mixture  is  smaller  than  that  of  the  ethanol  free  test  (1.782  x 
lO'^Q)  as  seen  in  the  calculations  listed  in  Table  1. 
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0  ethanol  vs.  1%  ethanol 


Current  (A) 

Figure  4, 1-V  characteristics  of  ZnO  nanowire  coated  carbon  fiber  sensor  exposed  to  1%  ethanol 
vapor  and  0%  ethanol  (N2)  vapor  at  room  temperature.  The  shift  in  the  lines  indieates  that  the 
ethanol  changes  the  conductivity  of  the  ZnO  nanowires. 


Table  1,  ZnO-NW  on  carbon  fiber  exposed  to  0%  ethanol  (N2)  and  1%  ethanol  at  room 

temperature 


Sample 

Resistance  (D) 

Resistivity  (Q  cm) 

Conductivity  (S/cm) 

ZnO-NW  on  CF  N2 

1.782  X  10^ 

4.526  X  10'’ 

2.209  X  10-5 

ZnO-NW  on  CF  1%  Ethanol 

1.728  X  10^ 

4.389  X  10'’ 

2.278  X  10-5 

3,4  Initial  Ethanol  Detection  of  ZnO  Nanowire  on  ITO  Glass  Slides 

Electrical  resistance  measurements  were  taken  using  a  standard  four-point  monitoring  system. 
Potential  was  introduced  to  the  sensor  via  the  outer  electrodes  while  the  corresponding  current 
was  measured  via  the  inner  electrodes.  Relatively  low  levels  of  voltage  were  passed  through  the 
system.  The  maximum  voltage  that  produced  useable  results  was  on  the  order  of  SVolts.  It  was 
observed  that  ZnO  nanowires  have  sensitivity  when  exposed  to  EtOH  even  at  low  levels  of 
voltage.  An  optimum  response  was  detected  at  levels  on  the  order  of  0.0001 Volts. 

Figure  5  shows  current-voltage  (I-V)  characteristics  of  the  ZnO  nanowires  on  ITO  glass  slides 
sensor  under  ethanol  vapor  at  different  temperatures  using  1%  ethanol  concentration.  The  curves 
are  linear  at  room  temperature,  indicating  that  the  sputter  coated  Au/Pd  and  silver  paint 
electrodes  form  Ohmic  contact  with  the  ZnO  nanowires,  as  found  in  other  studies  [3,4].  From 
Figure  5,  we  also  see  the  effect  of  the  temperature  on  the  electrical  resistance  of  the  ZnO 
nanowires  on  ITO  glass  slides  sensor  at  1%  ethanol  concentration.  We  observe  that  as  the 
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temperature  inereases  from  room  temperatrrre  to  200‘’C,  the  resistance  of  the  sensor  decreases 
from  2.695  x  10^  Q  to  5.208  x  10*  Q  in  1%  ethanol  (see  Table  2).  Thus,  when  the  ITO  glass 
slide  nanowire  sample  is  exposed  to  ethanol,  the  gas  acting  as  a  reducing  agent  donates  electrons 
to  ZnO  nanowires,  which  increases  the  carrier  concentration  of  ZnO  nanowires,  and  thus,  the 
resistance  decreases. 


ZnO-NW-1%Ethanol 


Figure  5, 1-V  characteristics  of  the  ZnO  nano  wire  coated  ITO  glass  slides  sensor  exposed  to  1% 

ethanol  vapor  at  different  temperatures. 

Table  2,  ZnO-NW  on  ITO  glass  slide  sensor  exposed  to  1%  ethanol  vapor  at  different 


temperatures  and  0.001  Volts 

Temperature  (°C) 

Resistance  (R,  Q) 

Resistivity  (p,  Q  cm) 

Conductivity  (a,  S/cm) 

RT 

2.695  X  102 

6.854  X  102 

1.459  X  10-2 

100 

1.686  X  102 

4.282  X  102 

2.335  X  10-2 

150 

8.403  X  102 

2.134  X  102 

4.686  X  10-2 

200 

5.208  X  102 

1.323  X  102 

7.559  X  10-2 

The  sensitivity  (S),  of  the  sensor  can  be  defined  as  S  =  REtOH/RN2,  where  Reioh  is  the  electrical 
resistance  of  the  sensor  in  ethanol-nitrogen  mixed  gas,  and  Rn2  is  its  resistance  in  nitrogen  [1]. 
The  sensitivity  versus  temperature  at  1%  ethanol  is  shown  in  Figure  6.  It  is  seen  that  the 
sensitivity  increases  as  the  temperature  increases  from  room  temperature  to  lOO^C;  and  with 
further  temperature  increase,  the  sensitivity  decreases.  The  sensitivity  increases  sharply  between 
room  temperature  and  100°C,  this  is  mainly  because  of  the  competition  between  the  mobility  of 
ethanol  molecules  and  the  absorption  of  ethanol.  Within  this  temperature  range,  the  absorption  of 
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ethanol  plays  a  significant  role.  Beyond  lOO^C,  the  mobility  of  ethanol  molecules  becomes 
greater  as  the  temperature  is  increased  leading  to  a  lowering  of  the  sensitivity. 


Temperature  (®C) 

Figure  6,  Sensitivity  vs.  working  temperature  at  1%  ethanol  concentration 

3,5  Future  Architecture 

The  architecture  desired  for  this  research  is  a  hierarchical  carbon  fiber  coated  with  nanowires 
grown  in  radially  aligned  direction,  as  shown  in  Figure  7.  This  architecture  lends  itself  to  the 
sensor,  while  minimizing  the  presence  of  defects  in  the  composite.  Hierarchical  fibers  are 
known  to  either  increase  or  maintain  interfacial  properties,  owing  to  the  increased  interlocking 
and  increased  surface  area.  Further  work  will  utilize  this  fiber  for  volatile  sensing. 
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Figure  7.  Radially  grown  ZnO  nanowires  coated  carbon  fiber 

4.  CONCLUSIONS 

A  novel  volatile  sensing  architecture  has  been  proposed  to  assist  in  the  processing  of  high 
temperature  polyimides.  Growth  methods  for  ZnO  nanowires  on  ITO  coated  glass  and  carbon 
fibers  have  been  demonstrated.  ZnO  nanowires  show  sensitivity  to  ethanol  concentration  at 
room  and  higher  temperatures.  Initial  experiments  demonstrate  feasibilty  of  implementing  the 
sensor  methodology  inside  a  composite  material  in  order  to  improve  process  control  and  inform 
volatile  management  strategies. 
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